Defoliation is the main parameter for assessing tree crown conditions, and is the result of cumulative interactions among different types of stressors, including climate, air pollution, pests and diseases, and management systems. Here, we evaluated a long-term data series (1992-2013) provided by the ICPForests Level I monitoring network (16 × 16 km) in Romania. Specifically, we investigated how climate influences defoliation at different spatial and temporal levels using statistical analyses. Using periodic climatic data (mean temperature and precipitation) derived from a daily grid dataset (ROCADA) with a resolution of 0.1 × 0.1° (10 × 10 km), we quantified how climatic parameters were correlated with defoliation, which was expressed as the mean tree defoliation per plot (DEF), and the proportion of damaged trees (crown defoliation > 25% -fDEF). The cross-correlation (Spearman r) between defoliation indicators and temperature was positive and relatively constant over time for all broadleaves and conifers, combined and separately, except for Fagus sylvatica (European beech), which had a negative cross-correlation coefficient. The correlation obtained for precipitation was similar to that obtained for temperature; however, this relationship was negative (except, again, for beech). The temporal influence of temperature on defoliation was much lower than that of precipitation, which had the greatest influence in dry regions (south and southeast Romania), especially for Quercus species. Furthermore, precipitation had a positive influence in moderate climate regions for conifers that were situated outside their natural distribution ranges. For beech and conifers situated at the upper altitudinal limits, temperature was negatively correlated with defoliation, i.e., temperature had a positive influence on health status.
Introduction
Documentation of the deterioration of Natural Capital components at both the regional and global scale by the international scientific community (Balmford et al. 2003 , 2005a , 2005b , Petersen et al. 2007 has led decision makers to place strong emphasis on adopting initiatives to stop, or reduce, the rate of biodiversity loss caused by the negative impact of human activities (Balmford et al. 2005a , Green et al. 2005 . Consequently, numerous measures and action plans have been implemented to integrate existing monitoring systems to allow ecosystem status to be assessed, in parallel to adopting new designs based on general guidelines through a "top-down" approach (Henry et al. 2008) .
Throughout all terrestrial ecosystems, forests have the highest biodiversity, providing habitats for a wide range of animal and plant species. With their high potential of carbon sequestration, they constitute one of the most important elements of the global carbon cycle. Moreover, forests are the main component of rural development, providing protective functions for soil, water and infrastructure, as well as contributing goods and services to the economic sector (Ojea et al. 2010) . In parallel, forest ecosystems provide essential socio-ecological and economic benefits that are indispensable for maintaining the quality of life at global, regional, and local levels. These forest ecosystem services can be maintained by ensuring their biodiversity, appropriate health status, stability, functionality, and sustainability through proper forest management (Canadell & Raupach 2008 , Obersteiner et al. 2010 , Yoshikawa et al. 2011 , Schaich & Milad 2013 .
Climate change, air pollution and others anthropogenic factors have a dramatic impact on forest ecosystem functions, structure and diversity (Fischer et al. 2010) , as well as multiple, cumulative effects on the forest health status at local, regional and global scales (De Marco et al. 2014 , Nowak et al. 2014 , Bendixsen et al. 2015 . Increasing ozone concentrations and biodiversity loss are also key processes that produce significant changes at the global level, such as increasing average temperatures, as well as causing an increase in the frequency of extreme events, including catastrophic droughts and floods (MEA 2005) .
In the last decades, various biotic and abiotic factors causing forest decline have been monitored at the tree, stand and forest levels through several national and international programs (Matthews et al. 2000 , Badea et al. 2013 . Most European countries have developed different research/long-term environmental surveys under the program "International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests" (ICP-Forests) aimed at monitoring the health status of forests. Such monitoring systems, which were formerly focused on the effects of air pollution, had to be revised and reorganized to constitute a "new forest monitoring network" at the European level, using harmonized criteria and indicators of forest health status, and sharing common monitoring methods, in accordance with new environmental issues such as climate change and biodiversity conservation. This unitary approach is expected to ensure good comparability of results for long-term data series.
The health status of trees in forests in Europe is monitored over large areas by surveying the conditions of tree crowns. Indeed, defoliation is the result of cumulative interactions of various stress factors, including climate, air pollution, biotic factors, and management systems. The large-scale forest condition monitoring network (Level I) offers the opportunity to investigate the relationships between tree defoliation and climate, taking into account the large number of species and high spatial variability in their distribution (De Vries et al. 2000 , Requardt et al. 2009 , Fischer et al. 2012 .
This study aimed to identify the main climatic drivers that have significantly influenced tree defoliation over a 22-year period (1992-2013) in the Level I forest monitoring network (16 × 16 km) of Romania. In particular, we focused on: (i) analyzing long-term defoliation dynamics at the national and regional scale for all tree species, conifers vs. broadleaved species, and the main tree species; (ii) developing statistical analyses of how climate (temperature and precipitation) influences the defoliation of trees; and (ii) analyzing regional and species level variability in detail, based on the statistical relationship between climate and defoliation.
Material and methods

Datasets
Our dataset contained information on tree crown condition evaluations made across multiple years from 1992 to 2013 (except 2002 and 2008 ) in the ICP-Forest level I monitoring network (16 × 16 km), which was established in Romanian forests in 1991. In each monitoring plot, 24 predominant, dominant, and co-dominant trees (Kraft 1884) were consistently evaluated. Between 215 and 244 plots were monitored annually (Fig. 1) . Tree crown defoliation was assessed each year using a common methodology adopted by ICP-Forests (Eichorn et al. 2006 (Eichorn et al. , 2010 . Based on this information, two defoliation indicators were calculated: the mean tree defoliation per plot (DEF) and the proportion of damaged trees (crown defoliation > 25% -fDEF). These indicators were determined at the plot level for all species, groups of species (broadleaved versus coniferous species), and the main individual species: beech (Fagus sylvatica) oak species (Quercus spp.), and Norway spruce (Picea abies).
To ensure there was a minimum sample size for each species (groups of species), a threshold of eight trees per plot was adopted.
Defoliation indicator datasets include both spatial (cross-sectional) and temporal (longitudinal) gradients as a consequences of different sampling locations and multiple-years evaluations. For the temporal analysis, defoliation indicators were standardized as z-score values based on mean and standard deviation computed at plot level for the 1992-2013 period.
Climatic data
Mean temperature and amount of precipitation were derived from the daily grid dataset ROCADA at a resolution of 0.1 × 0.1°( 10 × 10 km -Dumitrescu & Birsan 2015) . Averages were computed for three periods: (i) annual mean (previous September until current August -pS_A); (ii) mean of the current growing season (April to August -A_A); and (iii) the mean of the previous growing season (previous April to previous August -pA_pA). Means were calculated from both raw data and z-score values, using the same standardization method described for defoliation indices.
To explore the regional differences within Romania, all plots were classified into three climatic regions according to the annual De Martonne's index (IA): Dry (IA <26); Moderate (26 ≤ IA ≤ 45); and Wet (IA > 45).
Statistical analysis
Potential trends in defoliation and climate were tested using the non-parametric Mann-Kendall test (Zs) . Positive values of Zs indicate increasing trends, while negative Zs values indicate decreasing trends. If Zs < 1 (with p>0.05), then no trend is present in the time series. To quantify the relationship between climatic parameters (temperature and precipitation) and defoliation indicators (DEF and fDEF), the nonparametric Spearman's correlation coefficient (rs) was used. Cross-sectional analysis was performed for each year and species (groups of species and separate species) using the raw data. The longitudinal analysis used the z-score data, both for defoliation indicators and climate data differentiated in relation to climatic region. All statistical analyses were performed using R software (R Core Team 2008) .
Results
Trends in the defoliation indicators
The defoliation indices considered in this study (DEF and fDEF) had similar trends over the analyzed period . Such general trends did not change when absolute ( Fig. 2) or standardized values (Fig. 3) were considered. The maximum defoliation was recorded in the years 1994 and 2000; starting from 2003, a progressive decrease in defoliation and thus a general improvement in forest conditions was observed. The general pattern of variation over time had two components: (i) a relative constant trend until 2002; and (ii) a linear trend with a negative slope starting from 2003. Considering the two components, both defoliation indicators showed a significant negative monotonic trend (Zs = -3.16, p < 0.01 and Zs = -3.44, p < 0.01 for DEF and fDEF, respectively).
Both conifer and broadleaved species exhibited an overall decreasing trends in DEF and fDEF over time (p < 0.01 - Fig. 2 , Fig. 3 ). The trends for broadleaved species were very similar to those observed for all species, with a constant pattern being detected until 2003, and a decreasing trend thereafter (Zs = -2.87, p < 0.01 for DEF; Zs = -3.38, p < 0.01 for fDEF). For conifers, the defoliation rate and percentage of damaged trees tended to increase during 1995-1998. After 1998, a constant recovery of tree health status was noticed (up to DEF = iForest 10: 554-560 
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Climate influence on tree health by defoliation analysis 16% in 2013), with this trend being negatively monotonic (Zs = -2.76, p = 0.01 for DEF; Zs = -3.21, p < 0.01). The maximum DEF and fDEF values were recorded in different years for broadleaved and conifers (1994 and 1998, respectively) .
At the individual species level, although overall DEF and fDEF trends decreased, patterns in defoliation and the percentage of damaged tree over time differed. Beech had relatively low values for DEF between 1992 and 1998 (around 18%), followed by a deterioration in health status until 2001 (in 2000 and 2001, maximum DEF and fDEF values of 21% and 30% were recorded, respectively); however, the general trend was negative (Zs = -2.2, p = 0.03 for DEF, Zs = -2.48; p = 0.01 for fDEF). An accelerated decreasing trend was observed from 2002 onwards. Oaks had maximum DEF and fDEF values in 1994 (32% and 56%, respectively) and then both health status indicators started to decrease (Zs = -3.44, p<0.01 and Zs=-3.78, p<0.01 for DEF and fDEF, respectively). Yet, oaks were the species that were most affected by climate during the entire study period (Fig. 2, Fig. 3 ).
During 1992-2000, Norway spruce exhibited large variation in both DEF and fDEF, with high defoliation values alternating with recovery periods, leading to a generally negative trend (Zs = -2.42, p = 0.02 for DEF; Zs = -2.99, p < 0.01 for fDEF). After 2000, the health status of Norway spruce improved (Fig. 2, Fig. 3 ).
This general pattern was reflected in all species, groups of species, and Norway spruce. However, a continuously decreasing trend was observed for oak species from 1994 onwards. Beech was the healthiest species, showing a slight increase between 1999 and 2002, followed by the same decreasing trend.
Defoliation vs. temperature: spatial correlation analysis
Variation in the cross-sectional correlation (spatial gradient) between defoliation indicators and mean temperature (previous September-current August) was positive and relatively constant over time for all iForest 10: 554-560 556 correlated with temperature; however, significant relationships (rs = 0.274-0.364, p < 0.05) were only detected in the second part of the study period (Tab. 1). The detected significance for the fDEF-temperature correlation was similar to the detected significance for the DEF-temperature correlation for all species, broadleaves and conifers combined. At the individual species level, the defoliation-temperature relationship differed to that observed for all species or major species groups. For Fagus sylvatica, both DEF and fDEF were negatively correlated with mean temperature in all years, with significant relationships first being detected from 1997 onwards, except for 1998 for , 2004 for , 2005 . In the case of oak species, DEF did not appear to be influenced by temperature in any way. The only significant correlation was that between fDEF and mean temperature in 1993 (rs = 0.335, p < 0.05). The highest fDEF values were recorded after 1993 (Fig. 2) .
Norway spruce exhibited a significant correlation between DEF and mean tempera-
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Tab. 1 -Cross-sectional Spearman's correlation coefficients (rs) between mean defoliation (DEF), share of damaged trees (fDEF) and annual temperature (pS_A 
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Climate influence on tree health by defoliation analysis ture in 1995 (rs = -0.347, p < 0.05) and 2013 (rs = 0.314, p < 0.05). In the case of fDEF, the correlation was stronger, with statistically significant relationships being detected in 1995 detected in and 2011 detected in -2012 .
Defoliation vs. precipitation: spatial correlation analysis
For all species, both DEF and fDEF were negatively correlated with precipitation in all analyzed years, except for 1995, 1997, and 2001 for both indicators and 2009 for DEF and 2011-2012 for fDEF (Tab. 2). Significant values of rs (p < 0.05) ranged between -0.151 (1996) and -0.304 (1992) for DEF, and between -0.144 (1996) and -0.299 (2007) for fDEF. Similar to the defoliation-temperature relationship, broadleaves exhibited the same trend as that detected for all species, with significant negative correlations being recorded in 1992-1996, 1998-2000, 2003-2007, 2010, and 2013 for DEF and in the same years for fDEF, excluding 2010 (Tab. 2). Defoliation indicators for conifers showed a mixed response to precipitation. In the first part of the study period, rs values were mainly positive, but were not significant or very close to zero. From 1995, rs values became statistically significant (rs = 0.310 for DEF and 0.293 for fDEF). From 1999, rs became negative. Statistically significant values were detected in , 2007 -2013 for DEF and 2000 , 2007 -2011 for fDEF (Tab. 2).
The defoliation-precipitation relationship for individual species followed the same trends detected for their corresponding species group, except for beech. For this species, both DEF and fDEF were positively correlated with the amount of precipitation during 1995-1997. After 2000, rs values became negative, reflecting the trend detected for the other broadleaved species.
Defoliation vs. climate: temporal correlation analysis
The dry region (southeastern Romania) was characterized by IA < 26 and predominant broadleaved species. In this region, the mean temperature of the previous growing season (t_pA_pA -April to August) was negatively correlated with DEF and fDEF for all species and broadleaved species (Tab. 3, Tab. 4), fDEF was also sensitive to annual mean temperature (t_pS_A -previous September to current August). The correlation between temperature recorded during the previous and current growing seasons and the health of conifers (DEF and fDEF) situated in a dry climate region (outside their natural area) was significantly positive (rs = 0.471 and 0.486, respectively -Tab. 3, Tab. 4).
As expected, the precipitation deficit has the greatest influence on the defoliation indicators of all species, broadleaved species, and oaks. The highest Spearman's correlation coefficients were observed for the precipitation that accumulated during the year (p_pS_A), and precipitation in the current growing season (p_A_A). For conifers situated outside their natural area (dry climate regions) precipitation in the previous and current growing seasons (p_pA_A and p_A_A) had a strong (but non-significant) influence on DEF and fDEF (Tab. 3, Tab. 4).
Precipitation had a similar influence on broadleaved species in the moderate and wet climatic regions (Tab. 3, Tab. 4). For conifers, especially Norway spruce, this influence was slightly higher in moderate than in wet climatic regions. On the other hand, oak species (which are more adapted to dry climates) were less affected by precipitation compared to other broadleaves. In moderate climate regions, where sessile oak (Quercus petraea) is the dominant species, temperature had a minor influence (rs = -0.103 to -0.154, p < 0.05). For beech, the mean temperature in the current growing season (t_A_A) and throughout the entire year (t_pS_A) had a similar minor (but statistically significant) influence in moderate and wet climate regions (Tab. 3, Tab. 4). In general, the crown condition of conifers, and especially Norway spruces situated in wet climate regions, was negatively correlated with temperature indicators, with rs having statistically significant values between -0.188 and -0.216 (Tab. 3, Tab. 4).
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Tab. 3 -Spearman's correlation coefficients (rs) between relative mean defoliation (DEF) and climatic variables at the regional level. 
Discussion
The defoliation indicators obtained from data collected at the level I plots (16 × 16 km) produced similar trends to those recorded for the national network (4 × 4 km -e% < 2%, p > 0.05), but with higher values (Badea et al. 2003) . Also, at the European level, with the exception of Norway spruce, all individual species exhibited an increase in mean defoliation until the mid1990s; however, defoliation then stabilized until 2013, with the highest levels being recorded in 2004. The overall trend slightly increased for all species from 1991 to 2013 (Michel & Seidling 2014) .
In general, temperature and precipitation had a similar influence on tree health, with a negative relationship being detected for all species and for broadleaved and coniferous species, except beech. The small influence of precipitation on the health status of beech demonstrates that this species grows well both in moderate and wet climate regions. Furthermore, beech is the most stable and healthiest species at a national level (Badea et al. 2013) .
Based on our results, at the regional level temperature had a much lower effect on forest health conditions compared to precipitation. In general, the correlation coefficient values were negative, with the highest values being recorded for all species and broadleaved species situated in the dry climate regions. This is mainly due to the temperature recorded in previous growing seasons, which contribute to the development of full foliar buds. A similar trend was detected for Quercus spp., whose defoliation showed negative correlation coefficients with temperature in most cases. This means that an increase of temperature has improved oak tree health, mainly in high hills and sub-mountainous regions (the optimum area for beech).
In conifers, the positive relationship of the observed defoliation with temperature might be explained by the sensitivity of conifers established outside their natural area, especially at low altitude (Badea et al. 2013) . Indeed, a negative influence of temperature on tree health was observed for Norway spruce, while precipitation had a positive effect. The positive relationship between temperature and conifer defoliation in dry climate regions reflects the response of trees to thermal stress by reducing foliar biomass. Thus, the loss of needles represents an adaptation mechanism in response to prolonged high temperature (De La Cruz et al. 2014 ). In the wet climate region, an increase in temperature prolongs the growing season and enhances the vegetation (and crown) condition of conifers situated at the upper altitudinal forest limit. A similar health status was recorded for conifers situated in the moderate climate region, with the influence of temperature being combined with that of precipitation.
Similar relationships between climatic variables and mean tree defoliation have been reported for regions with a similar climate to Romania. For example, in France, Ferretti et al. (2014) showed that precipitation and precipitation deficits were the factors that were mainly correlated with defoliation changes in ICP Forests Level II RENE-COFOR plots. In contrast, in southern Europe, thermal stressors (temperature from April and June of the current and previous years) were the main climatic factors determining an increase in mean defoliation of trees in ICP-Forests level I plots, with synchronized response (De La Cruz et al. 2014) . Further, in northern Europe, tree species showed a strong response to both biotic and abiotic factors (Nevalainen & YliKojola 2000) and air pollutants (Ozolincius et al. 2005) .
According to the latest IPCC report (IPCC 2013) , an increase in water deficit and temperature in southern and eastern Romania is likely. Recent studies confirm the trend towards greater aridity in south Romania, with consequences on the stability of agricultural and forestry ecosystems being expected (Paltineanu et al. 2009 ). An increase in the intensity and frequency of drought will cause the health status of oak species to deteriorate, especially in the southern and southeastern parts of Romania. This phenomenon will have a significant influence on the stability of the forest ecosystem in this region.
Conclusions
In this study the health status of Romanian forests in the period 1992-2013 was analyzed based on data collected at the ICP level I network plots. Similar trends in the intensity of defoliation across years were observe using both the percentage of damaged trees (defoliation > 25%) and the percentage of mean defoliation at the plot level. For all species, groups of species (broadleaves and conifers), and individual species, defoliation was slightly positively correlated with temperature and was negatively correlated with precipitation, except for Norway spruce and European beech. For these two species, temperature had a positive effect on trees within the natural distribution range area and at the upper altitudinal limit. Outside of their natural ranges, precipitation had a slightly positive influence, while temperature had a negative effect on defoliation for both species.
Temperature had a much lower influence on defoliation compared to precipitation. In dry regions (south and southeast), where the most Quercus spp. (except sessile oak) are located, precipitation that accumulated during the previous and current growing seasons had the greatest influence. In these regions, temperature also had a slightly positive influence in the previous growing season. In moderate climate regions, precipitation strongly influenced the health status of Norway spruce and other conifers located outside their natural distributional ranges (i.e., other than in wet climate regions). In these moderate climate regions, temperature had a lower influence on defoliation compared to wet climate regions, and prolonged the growing season, which enhanced the health status of beech, spruce, and other conifers situated at the upper altitudinal range limit of these species. Both precipitation and temperature minimally influenced beech located in the optimum area (i.e., high hills and sub-mountain regions).
Although at the national level raising temperatures and lower precipitation associated with climate change are not limiting factors triggering high levels of defoliation, our research showed an increasing negative effect of prolonged drought on the tree health status in Southern and SouthEastern part of Romania, which can lead in time to losses in the biodiversity of these forest ecosystems.
